Recent research has shown the great potential of membrane-assisted fluidized bed reactors for various applications, and for ultra-pure hydrogen production in particular. To maximize the installed membrane area per unit volume, the concept of micro-structured membraneassisted fluidized bed reactor (MMAFBR) has been proposed. For a proper reactor design, numerical simulations with a discrete particle model have been carried out to investigate the effects of gas permeation in one membrane-assisted micro-fluidized bed (MAMFB) compartment. It has been found that gas addition or extraction via walls confining the emulsion phase have a very pronounced influence on the bed hydrodynamics. With a fixed outlet superficial gas velocity, reversed solids circulation pattern in MAMFB with gas addition and densified zones close to the membrane walls in MAMFB with gas extraction have been observed. Moreover, gas permeation can cause gas bypassing, which deteriorates the fluidization properties and gas-solid contacting and hence the reactor performance.
INTRODUCTION
Membrane-assisted fluidized bed reactors have been one of the most attractive reactor types for various applications due to the excellent separation properties of membranes and good hydrodynamic properties of the fluidized bed (i.e. uniform temperature and excellent mass and heat transfer).
In particular for hydrogen production, membrane-assisted fluidized bed reactors have been recognized as a very promising reactor concept in contrast to conventional fixed bed steam methane reforming reactors (Adris et al., 1991; Adris et al., 1994; Deshmukh et al., 2007a; ) . Previous studies have clearly demonstrated the theoretical and technical feasibility of producing ultra-pure hydrogen by integrating carbon dioxide capture into membrane-assisted fluidized bed reactors (Patil et al., 2005 (Patil et al., , 2006 (Patil et al., and 2007 Gallucci et al., 2008) . However, two limitations in the performance of MAFBRs have been identified: i) the hydrogen permeation rate through the perm-selective membranes and ii) the mass transfer rate from the bubble phase to the emulsion phase (Deshmukh et al., 2007b; Patil et al., 2006 Patil et al., , 2007 Gallucci et al., 2010a Gallucci et al., , 2010b . The first limitation can be overcome by inserting more membranes into the reactor. In this way, the membrane area per unit reactor volume will be increased, resulting in the concept of micro-structured membrane-assisted fluidized bed reactors (MMAFBR). It is also possible to overcome the second limitation through a proper reactor design and operation optimization once the hydrodynamic and mass transfer characteristics of the MMAFB are understood. Considering the small scale, MMAFB will be a promising reactor concept to design a new reactor generation for ultra-pure H 2 production for PEMFC applications at smaller scales (typically 1-50kW).
The importance of detailed understanding of the hydrodynamics to a proper design of a reactor has been widely recognized. However, most experimental studies on membrane-assisted fluidized bed reactors are applicationoriented in order to provide a proof-of-concept and to develop phenomenological models to assess the economic potential of MAFBRs. De Jong et al. (2011) performed an experimental study on the hydrodynamics in a pseudo-2D fluidized bed with inbuilt membranes in the walls confining the fluidized bed, and revealed largely changed solid circulation patterns and bubble size distribution profiles in membrane-assisted fluidized beds. Recently, computational fluid dynamics (CFD) has been widely used to improve our fundamental understanding on the hydrodynamics of fluidized beds. In particular, the discrete particle model (DPM) has been validated and extensively used for detailed understanding of hydrodynamic characteristics of gas-solid fluidized beds (for example, Goldschmidt et al., 2004; Ye et al., 2004) . Most of the studies reported in literature using DPM are devoted to very small fluidized beds in contrast to experimental setups and pilot systems, due to the limitation of computational resources. Even so, numerical investigations on detailed effects of gas permeation through membranes on the hydrodynamic characteristics of membrane-assisted micro-fluidized beds (MAMFBs) have hardly been reported. Considering the size of and the gassolid system in MAMFBs, a state-of-the-art DPM model is currently the most suited model for this study, since it takes the fluid-particle drag and particle-particle interactions (both restitution and friction) into account in detail, while it still allows the hydrodynamic properties of a fluidized bed (such as larger scale solids circulation patterns and bed porosity profiles) to be investigated. This study has been carried out in order to get detailed information on the hydrodynamic characteristics of one membrane-assisted micro-fluidized bed (MAMFB) compartment which is important for the design of such a reactor. Investigation on the influences of gas permeation through membranes, which are built into two walls confining the gas-solid suspension, on the hydrodynamic characteristics of MAMFBs has been carried out with the DPM model. Comparing to the fluidized bed without gas permeation, the greatly changed solids circulation patterns and solids holdup distribution have been found when gas is added or extracted via membrane walls. Moreover, the membrane area obviously plays a role in the investigation of the influences of gas permeation on the hydrodynamic characteristics of MAMFBs.
NUMERICAL MODELLING Discrete particle model
The soft-sphere DPM employed in this study has originally been developed by Hoomans et al. (1996) and Ye et al. (2004) . For the solid phase, each particle is tracked individually using Newton's second law of motion and for the gas phase, the volume-averaged Navier-Stokes equations are solved to calculate gas-phase hydrodynamics.
The interphase coupling representing fluid-particle interactions is done with the fluid drag correlation. The inhouse developed code was used to study the hydrodynamic characteristics of fluidized bed with Geldart A particles (Ye et al., 2004 (Ye et al., , 2005 Wang et al., 2010) which are also used in this work. The main equations of this model are summarized in table 1, where the contact forces resulting from particle-particle and/or particle-wall interactions are calculated using the linear spring and dashpot model proposed by Cundall and Strack (1979) and the gasparticle drag is computed with the correlation derived from extensive lattice Boltzmann simulations (Beetstra et al., 2007) . According to Wang et al. (2010) , in the soft-sphere DPM, variations of these parameters of particle-particle interactions do not bring any significant change in the predicted fluidization behavior in bubbling gas-fluidized beds of Geldart A type particles. To reduce the required CPU time (usually in the order of 10 -5 s), the parameters of particle-particle interaction are usually set to values which are much smaller than the ones derived from material properties (Tsuji et al., 1993) . Here, we choose those values to ensure that the maximal overlap between interacting particles (including the walls) at any time step is less than one percent of the particle diameter. Those values have been verified and used in previous studies in predicting the fluidization behavior in gas-fluidized beds of Geldart A type particles (Wang et al. 2010 (Wang et al. , 2011 . The size of the Eulerian grid cells for the gas phase is larger than particle size (grid size of 0.2mm×0.2mm×0.2mm). Note that with the selected grid size the grid spacing was found to have a negligible influence on the derived fluidization characteristics. The algorithm to solve the hydraulic equations is a standard pressure correction technique. 
A fluidized bed of 3mm in width and 1.4mm in depth has been selected with two opposing vertical walls acting as membranes for gas addition and extraction. The height of the membranes and the simulated domain are 5mm and 18mm respectively. This fluidized bed resembles a compartment of a membrane micro-structured fluidized bed reactor. Monodisperse Geldart A type particles with diameter of 75μm (1500kg/m 3 ) were simulated using air as fluidizing agent with superficial gas velocity of 0.05 m/s. For the cases of the fluidized bed with gas permeation (i.e. 140%-40% (a) , 120%-20% (a) , 80%+20% (a) and 60%+40% (a) where the first number indicates the amount fed via the bottom distributor relative to the reference case without gas permeation and the second number indicates the relative amount extracted (-) or fed (+) via the membranes, and (a) indicates that the membranes were assumed in the left and right walls), the outlet superficial gas velocity at the top of the bed has been kept constant and equal to its reference case by adjusting the background velocity to the amount of gas permeated via the membranes. The reference case (100%±0%) is the same fluidized bed without gas permeation through the membranes. In order to investigate the influence of membrane area, calculations (cases indicated with (b) ) were performed where it was assumed that the membranes were built in the front and back walls which have a larger surface area compared to the left and right walls (1.5×10 -5 m 2 vs 7.0×10 -6 m 2 ) with the same height of 5mm as well. As shown in table 3, simulations (140%-40% (b) , 120%-20% (b) , 80%+20% (b) and 60%+40% (b) ) with the same outlet superficial gas velocity of 0.05m/s and gas permeation ratio use a lower permeation velocity because of the increased membrane surface area. All parameters used in this study have been summarized in Table 2 and all simulation series are summarized in Table  3 . Boundary and initial conditions have to be specified for the numerical simulations. At the top outlet, the pressure was specified at atmospheric pressure (101325 Pa). At the bottom inlet, a uniform prescribed gas velocity was imposed. At the membrane walls a prescribed normal velocity was imposed in case of gas permeation. At all walls without gas permeation the no-slip condition was imposed for the gas phase. Initially, particles were regularly packed at the bottom of the bed with zero average translational and rotational velocity plus a random fluctuating translational and rotational velocity. The tangential restitution coefficient was always set equal to the normal restitution coefficient and parameters for the particle-wall interaction were equal to the parameters for the particle-particle interaction, similar to our previous
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simulation study on the regime transition in micro-fluidized beds (Wang et al., 2011) .
INFLUENCE OF GAS PERMEATION
In this section, the simulation results will be analyzed based on the time-averaged results (from 2s to 7s simulation time). Subsequently, the effects of gas permeation on the hydrodynamic characteristics of MAMFBs, especially on the solids circulation patterns and solids holdup distribution, are presented and discussed.
Solids circulation patterns
In this study, the computed time-averaged solids circulation patterns are shown in 3D graphs consisting of crosssectional contours of the axial solid phase velocity at different bed heights and a contour plot of the solids velocity in the center computational cells in the depth direction. Fig.1 shows the solids circulation patterns for MAMFBs, where the outlet superficial gas velocity was kept constant at 0.05m/s and operated in the bubbling fluidization regime, where gas extraction or gas addition was imposed at the left and right walls: 140%-40%
(a) , 120%-20% (a) , the reference, 80%+20% (a) and 60%+40% (a) cases. In this figure, the well-known solids circulation pattern that solids flow upwards through the center and fall down along walls can be clearly discerned for the reference case. However, clearly distinct solids circulation patterns were found for fluidized beds with gas addition and extraction: in case of gas extraction via the walls the upflow region becomes much more concentrated in the centre, while with gas addition the solids circulation is even inverted, i.e. downflow in the centre and upflow of solids along the walls. Those qualitative findings correspond well to the experimental results by De Jong et al (2011) .
Figure 1: Solid circulation patterns in fluidized beds with an outlet superficial gas velocity of 0.05m/s and gas permeation imposed through the left and right walls The results from the cases where gas extraction or gas addition was imposed at the front and back walls: 140%-40% (b) , 120%-20% (b) , the reference, 80%+20% (b) and 60%+40% (b) show very similar, but much less pronounced effects of gas permeation, due to the decreased gas permeation velocities. In Fig.2 , a similar solids circulation pattern for the case with gas extraction and more complicated solids circulation pattern for the case with gas addition can be discerned. A careful observation shows the reversed solids circulation pattern in the panel parallel to the direction of gas addition. 2D experimental studies on much larger assisted fluidized beds. Actually, the particles in zones close to membrane walls in Fig.3 are moving, which can be validated in Fig.4 which shows snapshots of the fluidized beds at different moments in time ified zone close to the left wall and the particles are colored in order to discern the change of position. In case of gas addition, the solids holdup reases relatively uniformly throughout the bed center, but decreases close to membrane walls (see Fig.3 ).
averaged solids fraction in fluidized beds with outlet gas velocity of 0.05 m/s and gas permeation imposed cases with a high gas permeation ratio. The very densified zones, where the values of solids holdup close to the value of a random packed bed with monodisperse particles, appear close to membrane walls can only be discerned for averaged solids fraction in fluidized beds with outlet gas velocity of 0.05 m/s and gas permeation front and back walls revealed. Qualitatively consistent densified zones close to the membranes in MAMFBs with gas extraction and reversed solids circulation patterns in MAMFBs with gas addition have also been found in this numerical study. Gas extraction imposed to MAMFBs causes the solids holdup close to the membrane walls increase and much densified may be created with increasing gas extraction velocity. It is necessary to point out that particles in the zones close to membrane walls are moving with certain velocities. On the other hand, gas addition imposed to MAMFBs has a contrary effect on the solids behavior comparing to the reference case without gas permeation. A CSIRO, Melbourne, Australia 10-12 December 2012 reversed solids circulation pattern can be easily achieved when the amount of gas added is high enough. Opposite to the higher solids holdup close to the membrane walls caused by gas extraction, a higher solids holdup is found in the bed center for the cases with gas addition. Similar phenomena have been observed for the cases where membranes were assumed built in the front and back walls with high membrane area. A primary conclusion that the influence of gas permeation decrease with decreasing permeation ratio or increasing membrane area is obtain. Based on the contours of solids holdup distribution both for gas extraction and gas addition, gas bypassing can be predicted since the dilute regions in the bed centre for the cases with gas extraction and close to membrane walls for the cases with gas addition are the easy paths for the gas to flow through with high velocity. Therefore, gas bypassing and a reduced residence time of the gas phase can be triggered by gas permeation via the membranes in MAMFBs for both gas addition and extraction, which is detrimental for the fluidization properties and gas-solid contacting and hence the reactor performance. This numerical study is a starting point for the research on the design of a real MMAFBR and these primary results illuminate the unique hydrodynamic characteristics of one membrane-assisted micro-fluidized bed (MAMFB) compartment. The formation of densified zones close to membrane for the case of gas extraction may create an additional resistance for the mass transfer and gasbypassing caused by gas addition via membrane will deteriorate the reactor performance. Therefore, the reactor design requests a careful tuning of the membrane area, permeability and superficial gas velocity, which should be based on detailed understanding of the hydrodynamics. Therefore, it is necessary to carry out further studies on the hydrodynamic characteristics of MAMFBs under different operation conditions, and to investigate the influence of hydrodynamics on the heat and mass transfer inside the bed and between the bed and the membranes.
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